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The signal of an extremely air sensitive and thermally unstable intermediate, four-membered
ring oxaphosphetane in the Wittig reaction was detected for the first time at subambient
temperature using liquid secondary ion mass spectrometry (LSIMS) and atmospheric pressure
ionization (API) mass spectrometry. A copper probe and interface were constructed to perform
LSIMS analysis at the temperature below 270 °C. A stable signal from a oxaphosphetane ion
[in dry tetrahydrofolate (THF)] was obtained by LSIMS without using a viscous matrix. The
signal of the oxaphosphetane was also detected using a low-temperature API source (240 °C)
connected to a reaction vessel. (J Am Soc Mass Spectrom 1998, 9, 1168–1174) © 1998
American Society for Mass Spectrometry
For many organic reactions, the structural charac-terization of the intermediate is extremely impor-tant for understanding the mechanism of the
reaction. The use of on-line electrospray ionization (ESI)
mass spectrometry with a flow-through photoreaction
cell has been demonstrated to be useful for the detection
of short-lived intermediates at ambient temperature
[1–4]. However, many intermediates are thermally un-
stable, air or moisture sensitive, and have a very short
life span at room temperature. Traditionally, such com-
pounds are identified by nuclear magnetic resonance
(NMR) or other spectroscopic instruments at subambi-
ent temperatures [5–7]. An example is oxaphosphetane
in the Wittig reaction [8–13].
Due to its high yield and a high degree of control
over the double-bond position, the Wittig reaction has
been recognized as the most important organic reaction
in olefin synthesis, such as carotenoids and vitamin D3.
The reaction has been known for more than 50 years
and it has been described in most organic chemistry
textbooks [14–17]. The mechanism of the reaction has
been suggested as the nucleophilic addition of a phos-
phorus ylide carbon to the carbonyl group to yield a
labile intermediate—oxaphosphetane. The intermedi-
ate is extremely unstable and decomposes rapidly to
produce an alkene and a trisubstituted phosphine oxide
at room temperature. The structure of the intermediate-
four-membered ring oxaphosphetane (Scheme 1) had
been confirmed by 31P NMR at low temperature [18,
19]. The mass-to-charge ratio values in Scheme 1 refer to
protonated species. Due to its exceptional thermal in-
stability, the intermediate decomposed gradually even
at 278 °C [18, 19]. The intermediate is also sensitive to
the moisture. So far the mass spectrum of such a
compound has never been reported.
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In order to detect such an unstable intermediate
using mass spectrometry, not only the temperature of
the sample solution must be kept low, but an air- and
moisture-free environment is required during analysis.
Regarding low-temperature analysis, several investiga-
tions using secondary ion mass spectrometry (SIMS) or
fast atom bombardment (FAB) mass spectrometry have
been performed. However, the objectives of most of
these studies were to elucidate the mechanisms of
desorption and ionization processes [20–37]. The appli-
cations of low temperature liquid secondary ion mass
spectrometry (LSIMS) has seldom been reported [38,
39]. Atmospheric pressure ionization (API) mass spec-
trometry has been proven to be very useful for analyz-
ing small organic and inorganic compounds dissolved
in organic solvents. Because most organic solvents can
be frozen at temperatures far below 0 °C, it is possible to
obtain the API mass spectra at very low temperature.
Previously, we have demonstrated that the signal from
thermally unstable compounds can be obtained by
using low-temperature API mass spectrometry [40]. A
similar result has also been reported by another re-
search group [41]. However, in both reports, the low-
temperature API was achieved by covering the API
source with dry ice. Therefore, the source could only be
operated at a constant low temperature: 278 °C.
In this article, we present the construction of a
low-temperature LSIMS (LT-LSIMS) interface and a
variable low-temperature API (LT-API) source. The
objective of this study is to use both low-temperature
systems to detect the four-membered ring oxaphosphet-
ane in the Wittig reaction. For the LT-LSIMS, the
interface was continuously purged with cold nitrogen
gas so the sample solution could be applied to the cold
probe tip under an air- and moisture-free environment.
For LT-API, the source was connected directly to a
low-temperature reaction vessel and cooled using cold
nitrogen gas. The solution in the reaction vessel could
then be sent directly into the ion source for analysis.
Experimental
All chemicals were obtained commercially and used
without further purification. Only redistilled and dried
tetrahydrofolate (THF) was used in the reaction. One of
the starting materials for the Wittig reaction—phospho-
rus ylide (Ph3P¢CH-OMe)—was obtained by reacting
0.2-g phosphorus ylide chloride [(Ph3P-CH2-OMe) Cl
dissolved in 20-mL THF] with 0.3-mL n-butyl lithium
under nitrogen at 0 °C. Phosphorus ylide chloride was
previously synthesized by reacting 14.52-g triph-
enylphosphine (Ph3P) with 5-mL 1-chlorodimethyl
ether (Cl-CH2-OMe) under nitrogen for 5 days. The
Wittig reaction was performed by reacting the phos-
phorus ylide (0.2 g in 20-mL THF) with ketone (30 mL)
under nitrogen at 0 °C (ice water bath) and 278 °C (dry
ice bath), respectively [9].
Figure 1a shows the LT-LSIMS interface and the
copper probe used for this study. The interface was
comprised of (I) a nitrogen gas transport system and (II)
a sample injection cell. The interface was screwed onto
the probe inlet on the mass spectrometer. The LSIMS
sample probe was comprised of three pieces. The sec-
ond piece was made of a teflon tube surrounding a
copper stick, which was then screwed into the first and
third copper pieces. The function of the teflon on the
copper probe was to prevent direct contact of the cold
probe with the O-rings on the interface. In order to
apply the sample solution onto the probe tip, the probe
was first inserted into the interface until the probe tip
reached the center of the sample inlet cell (II). A
low-temperature nitrogen gas was then discharged into
the injection cell. The temperature of the nitrogen gas
Figure 1. Schematic diagrams of (a) low-temperature LSIMS
interface and the copper probe and (b) low-temperature API
source connecting to the reaction cell [(A) copper probe, (B) teflon
tube, (C) acrylic plate, (D) acrylic tube, (E) teflon tube, (F) O-ring,
(G) Dewar vessel, (H) two-way valve, (I) copper tube, (J) reaction
cell, (K) four-way tee, (L) teflon tube, (M) three-way tee, (N) teflon
tube, (O) teflon spacer, (P) heating wire, (Q) glass tube, (R)
thermalcouple, (S) capillary column, (T) fitting, (U) stainless-steel
column].
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was decreased by passing it through a separated Dewar
vessel filled with liquid nitrogen (as shown in Figure
1a). After the temperature of the probe reached
2120 °C, the sample solution (1 mL) was withdrawn
from the reaction flask using a syringe and applied onto
the cold probe tip. Because the probe temperature was
far below the melting point of THF, the sample solution
froze immediately after it was applied. The frozen
sample was then sent into the ion source for LSIMS
analysis. The temperature in the sample injection cell
was measured using a thermal probe (Hanna, HI;
effective temperature ranges from 2200 to 1370 °C).
Positive LSIMS mass spectra were obtained by a VG
Quattro mass spectrometer equipped with a cesium ion
gun, which was operated at 10 keV and a constant
discharge current of 1 mA. The mass spectrometer was
scanned from m/z 1000 down to m/z 10 in 5 s, with an
interscan delay time of 0.5 s. For each sample, triplicate
LSIMS analyses was performed. The mass spectra from
the first three scans were averaged and reported.
Figure 1b shows the LT-API source constructed in
this study. The configuration of the source is similar to
that of an electrospray source. The LT-API source is
comprised of three parts: (I) reaction vessel, (II) sample
transport unit, and (III) electrospray needle. The reac-
tion vessel was connected to the sample transport unit
by a four-way tee. The reactants (phosphorus ylide in
dry THF and cyclopentanone or cyclohexanone) were
introduced into the reaction vessel through one arm of
the four-way tee. The temperature in the reaction vessel
was maintained at 278 °C by immersing it into an
acetone/dry ice bath. The sample solution was trans-
ferred from the sample transport unit to the electros-
pray needle by compressing the solution in the reaction
vessel with a stream of high-purity nitrogen gas. The
sample transport unit was comprised of one glass and
two teflon tubes, a three-way tee, heating wires, and a
temperature controller. A teflon tube (o.d. 800 mm, i.d.
350 mm) was used to transfer the sample solution to the
electrospray needle. The tube was enclosed inside a
second teflon tube (o.d. 3.2 mm, i.d. 1.5 mm) through
which a stream of cold nitrogen gas was introduced.
The cold nitrogen gas served to keep the temperature of
the sample solution low while on its way to the elec-
trospray needle. The temperature in the transport tube
could be adjusted from 2100 to 1100 °C by controlling
the flow rate of the cold nitrogen gas, and the heating
rate of the wire surrounding the glass tube (o.d. 1 cm,
i.d. 0.6 cm; length 35 cm) (see Figure 1b). In this study,
the temperature of the sample transport tube was
maintained at 240 °C. Because the thermocouple was
placed at the center of the sample transport tube, the
temperature at both ends of the tube varied slightly. At
the entrance where the cold nitrogen gas was intro-
duced, the temperature was estimated to be about 10 °C
lower than the other end of the tube. For safety reasons,
the transport unit was enclosed inside a glass tube (o.d.
2.2 cm, i.d. 1.8 cm).
A fine stainless-steel column (o.d. 0.46 mm, i.d. 0.17
mm; 5 cm long) was used as the electrospray needle.
The needle was connected to the sample transport unit
through a fused silica capillary column (o.d. 175 mm,
i.d. 100 mm). The capillary column was protected by
enclosing it inside a teflon tube. No nebulizing gas was
used. The high voltage (5 kV) required for ionization
was supplied through the stainless-steel needle by a
high-voltage power supply (Glassman, EH20R20). Pos-
itive ions generated by the LT-API source were detected
using a PE Sciex API 1 mass spectrometer. The temper-
ature of the interface chamber in the mass spectrometer
was held at 55 6 1 °C. The mass spectrometer was
scanned from 1000 to 10 amu at the rate of about 2 s per
scan (orifice voltage 35 V). At least 10 consecutive scans
were averaged to give the mass spectra presented in
this paper.
Results and Discussion
The Wittig reactions were proceeded at 0 °C (in ice
water bath) and 278 °C (in methanol/dry ice bath),
respectively. The reaction was begun simply by adding
cyclopentanone to the phosphorus ylide solutions. The
color of the sample solution changed from dark red to
light brown as the reaction was completed. It took 15
min (at 0 °C) to 30 min (at 278 °C) for a complete color
change. The solution was collected and analyzed using
LT-LSIMS. Figure 2 show LT-LSI mass spectra of the
solutions collected after the reaction had been pro-
ceeded for 10 min. When the reaction was proceeded at
0 °C, lithium-phosphine oxide (m/z 285) and proton-
ated triphenylphosphine (m/z 263) were detected on
the LSI mass spectrum (Figure 2a). The lithium ion was
originated from n-butyl lithium, which was introduced
into the solution when the phosphorus ylide was syn-
thesized. Triphenylphosphine might have come from
the decomposition of lithium-phosphine oxide. The
signal of the intermediate (m/z 391) was not seen on
the mass spectrum in Figure 2a and any other mass
spectra recorded at different reaction times (data not
shown). Because the reaction temperature was main-
tained at 0 °C, it was expected that this temperature
would be too high for the intermediate to survive [18,
19]. The signal of the olefinic product in the Wittig
reaction was not detected by LT-LSIMS. This is because
that the gas-phase basicity of the olefinic product is too
low. Except for the lithium-phosphine oxide and triph-
enylphosphine, the mass spectrum also shows several
other ions—m/z 183, 201, 253, 265, 267, 287, and 339.
Some of these ions are originated from the fragments of
the reactants or products. For example, m/z 183 and
201 were found on the daughter ion mass spectra of
both phosphine oxide and phosphorus ylide (data not
shown). Because the phosphorus ylide was not purified
after it was synthesized, it is possible that some of these
ions might have originated from the impurities. Because
the oxygen affinity of the phosphorus atom in most
organophosphorus compounds is usually high [13–16],
the formation of some of these ions might be due to the
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presence of a trace amount of oxygen and moisture in
the interface. Although it is not the objective of this
study, understanding the structure of these unknown
ions by tandem mass spectra might be helpful in
removing the interference and increasing the efficiency
of the product yield.
Figure 2b shows a positive LSI mass spectrum for the
sample solution reacted at 278 °C. Although the type
and distribution of the ions in the low mass range
(,m/z 350) are quite similar to those shown in Figure
2a, the signal of the oxaphosphetane (m/z 391) can be
seen clearly now. It was found that the ion was first
detected after the reaction was started for 5 min. The
signal of the ion increased to the highest intensity after
the reaction was proceeded for 10 min and then de-
creased. Compared to that of lithium phosphine oxide
(m/z 285) or protonated triphenylphosphine (m/z
263), the signal of the oxaphosphetane ion is not very
strong (about 10% of the base peak). This is consistent
with a previous report that even at low temperatures,
the four-membered ring oxaphosphetane would still
decompose to form phosphine oxide and triph-
enylphosphine [18, 19]. Compared to the intensity
shown in Figure 2a, the intensity of the protonated
phosphorus ylide ion (m/z 307) in Figure 2b was
higher. This suggests that the Wittig reaction proceeded
slower at a lower temperature. The inset in Figure 2b
shows partial LT-LSI mass spectrum of the sample
solution by reacting cyclohexanone with phosphorus
ylide at 278 °C. The signal of the intermediate now
shifts to m/z 405.
One may argue that the ion of m/z 391 (Figure 2b)
might not come from the four-membered ring oxaphos-
phetane but from a proton-bound complex between
Figure 2. Positive LT-LSI mass spectra of the solutions collected 10 min after the Wittig reaction was
begun. The reactions were proceeded by reacting cyclopentanone with phosphorus ylide at (a) 0 °C
and (b) 278 °C, respectively. The inset in (b) indicates the signal of the intermediate (m/z 405) from
reacting cyclohexanone with phosphorus ylide at 278 °C.
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phosphorous ylide and cyclopentanone. If this is true,
then the same ion should also be seen on the mass
spectrum in Figure 2a. This is because, except for the
difference in the reaction temperatures (0 and 278 °C,
respectively), the concentrations of the reactants and the
temperature used for LSIMS analyses (2120 °C) in both
conditions are all the same. As it can be seen, no m/z
391 ion could be found for the sample solution reacted
at 0 °C (Figure 2a). This also implies that the reaction
temperature is a major factor that determines the pres-
ence of the intermediate on the LT-LSI mass spectra.
Furthermore, as it had been reported, at lower temper-
ature, the desorbed ions become hotter than those
obtained at room temperature and fewer cluster ions
would form [35–37]. Therefore, it is very unlikely that
the signal of m/z 391 would be formed by an ion–
molecule reaction between phosphorus ylide and cyclo-
pentanone.
It has to be mentioned here that, to prevent a reaction
between oxaphosphetane and the LSIMS matrix, the
mass spectra were obtained directly from the THF
solution without using a viscous matrix. Because THF is
not as viscous as glycerol at room temperature, it is
impossible to apply the sample solution onto the probe.
Also, the solution is too volatile to survive in the ion
source of a mass spectrometer. To overcome these
problems, the sample solution was applied onto the
cold probe tip (2120 °C) in the interface. Because the
temperature of the probe was below the melting point
(m.p.) of THF (m.p. 2108.5 °C), the sample solution
froze immediately after it contacted the probe. When
the insertion probe was placed into the ion source, the
probe temperature increased gradually. This is due to
the high temperature of the ion source (22 °C). It was
expected that the solution on the surface would melt
and then be subjected to the bombardment of fast ions.
Generally speaking, the analyte signal could be ob-
tained for at least 30 scans. In this study, we have found
that the LSI mass spectrum of pure THF at low temper-
ature was characterized by substantial fragment ions in
the low-mass range (,100 amu) and the molecular ion
of THF (m/z 73) could hardly be detected (data not
shown). In LT-LSIMS, the formation of analyte ions
might be due to the ion–molecule reactions between
these fragment ions and the analyte molecule.
Previously, we have reported that thermally unsta-
ble organic compounds could be ionized and detected
by a homemade API source operated at 278 °C [40]. In
Figure 3. Positive LT-ESI mass spectrum of the solutions collected 10 min after the Wittig reaction
was proceeded. The reactions were proceeded at (a) 0 °C and (b) 278 °C, respectively.
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this study, a low-temperature API source connected to
a reaction cell was made so the sample solution in the
reaction vessel could be sent directly into the ion source.
Unfortunately, the solubility of triphenylphosphine and
phosphorus oxide in THF is higher than that of phos-
phorus ylide, the unreacted phosphorus ylide would
precipitate gradually (the salting out effect) as the
reaction proceeded. The electrospray needle could then
be clogged by the precipitate. To overcome this prob-
lem, the sample solution was diluted for five times and
only sample solutions at certain intervals were sent into
the LT-API source for the analysis.
Figure 3 shows LT-API mass spectra for the two
sample solutions collected 10 min after the Wittig
reactions were proceeded. In both analyses, the temper-
atures of the API source were maintained at 240 °C. As
the temperature of the source decreased further, the
electrospray needle would be easily clogged by the
phosphorus ylide precipitate and the ice originated
from the moisture in the air. When the Wittig reaction
was proceeded at 0 °C, the signal of the intermediate
could not be detected from the solution (Figure 3a). This
is consistent with the results from LT-LSIMS. As the
reaction was proceeded at 278 °C, the signal of ox-
aphosphetane (m/z 391) can be seen clearly on the
mass spectrum (Figure 3b). Triphenylphosphine (m/z
263) and phosphine oxide (m/z 279) are the other
major ions shown on the spectrum. Compared to the
LT-LSI mass spectrum, the API mass spectrum is sim-
pler. One of the reasons is that the sample solution in
the reaction cell and LT-API source was well protected
from air by the nitrogen gas that was pumped into
them. The signal of the intermediate was found to
decrease with increasing temperature in the transport
tube. Previously, we have demonstrated that hydro-
nium ion clusters would be formed when the humidity
in the laboratory is high (.85%) [40]. This is attributed
to the discharge of the moisture in the air. The proton-
ated intermediate ions would then be formed by a series
of ion–molecule reactions between the intermediate and
hydronium ion clusters or solvent ions. This idea was
supported by the presence of hydronium ions and
water cluster ions (e.g., m/z 37, 55, 73, 91) on the
spectrum (data not shown).
In conclusion, we have demonstrated that extremely
thermally unstable and air-sensitive intermediates in
the Wittig reaction are readily detected using low-
temperature LSIMS and API. At temperatures below
the melting point of THF, the sample solution (in THF)
can be applied directly onto the LSIMS probe tip, and
satisfactory LSI mass spectra can be obtained without
using a viscous LSIMS matrix. The design for the
homemade low-temperature API source, combined
with a flowing reaction cell, is simple, and only a small
amount of time and work is required to construct the
source. This technique can be particularly useful for
physical organic chemists to study the mechanisms of
organic reactions involving thermally unstable interme-
diates.
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